Baseline cytogenetic studies at diagnosis remain the single most important determinant of outcome in patients with acute myeloid leukemia (AML). However, the prognostic role of the complete gamut of cytogenetic aberrations in AML patients undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT) is currently undefined. In addition, their significance in conjunction with FLT3-ITD status has not been addressed thus far. Using the ALWP/EBMT registry we conducted a retrospective analysis to determine the clinical outcomes of AML patients undergoing allo-HSCT with respect to specific recurring cytogenetic abnormalities complemented with FLT3-ITD status. We analyzed a cohort consisting of 8558 adult AML patients who underwent allo-HSCT from either a matched sibling or a matched unrelated donor. Patients with inv(3)(q21q26)/t(3;3)(q21;q26), del(5q), monosomy 7, chromosome 17p abnormalities, t(10;11)(p11-14;q13-23), t(6;11)(q27;q23), as well as those patients with a monosomal or complex karyotype experienced significantly inferior leukemia-free survival (LFS) compared to patients with a normal karyotype. Trisomy 14, del(9q), and loss of chromosome X were associated with improved LFS rates. A novel prognostic model delineating 5 distinct groups incorporating cytogenetic complexity and FLT3-ITD status was constructed with significant prognostic implications. Our analysis supports the added prognostic significance of FLT3-ITD to baseline cytogenetics in patients undergoing allo-HSCT.
Introduction
In recent years the field of leukemia has witnessed a remarkable incremental gain in our knowledge of the intricate molecular underpinnings of acute myeloid leukemia (AML) which has allowed for a deeper understanding of the biology and disease process of AML [1] [2] [3] [4] [5] [6] .
Notwithstanding these remarkable scientific breakthroughs, the time-honored evaluation of cytogenetics at initial diagnosis still retains a crucial role in current practice and serves as the benchmark for predicting outcome and dictating the choice of post-remission therapy in AML patients as reflected in the recently published European LeukemiaNet (ELN) recommendations [7, 8] . Indeed, a fundamental premise of the risk stratification schemes employed in the past two decades has been that patients with specifically designated higher risk recurring cytogenetic abnormalities, namely those patients harboring a complex [9, 10] or monosomal [11] [12] [13] karyotype for example, are referred to transplant at first remission. Conversely, patients with better prognosis karyotypic lesions such as core binding factor (CBF), are typically consolidated with chemotherapy [14, 15] . Whereas the prognostic significance of these commonly occurring cytogenetic aberrations is clearly established, the clinical impact of the full gamut of less commonly recurring chromosomal changes was uncovered by the extensive analyses undertaken by the United Kingdom Medical Research Council (UKMRC) which diligently delineated the specific prognoses effected by the full spectrum of cytogenetic aberrations seen in AML [16] . Furthermore, the UKMRC investigators showed that increasing level of cytogenetic complexity was a robust predictor for worse overall outcome. However, the prognostic role this model assumes in the prognostication of AML patients undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT) has not been defined thus far. To address this question we paired cytogenetic analysis with comprehensive medical annotation using the large, registry-based cohort of the Acute Leukemia Working Party (ALWP) of the European Society for Blood and Marrow Transplantation (EBMT) multicenter research group. Disease and transplant-related outcomes of the patients were analyzed according to the specific cytogenetic aberration and degree of karyotype complexity coupled with molecular data which was available for a subset of patients.
Methods

Data source
Patient data were obtained from the EBMT multicenter registry. The EBMT is an international research collaborative group comprising over 650 transplant centers that contribute detailed data on consecutive allo-HSCTs to a statistical center at the EBMT study office at the Saint Antoine Hospital (Paris, France). Transplant centers in the EBMT submit patient outcomes data for transplants to the EBMT and undergo annual audits to ensure the integrity, quality, and completeness of the data. The study was approved by the ALWP review board and was performed in compliance with the Helsinki declaration and under guidance of the EBMT Institutional Review Board. All patients provided written informed consent authorizing the use of information for research purposes.
Study population
For this study, we selected adult AML patients undergoing a first allo-HSCT performed in first remission (CR1) and reported to the EBMT between 2006 and 2016. Our final study population consisted of 8558 patients transplanted from matched related donors and HLA matched unrelated donors with full karyotype available. Patients with t(15;17) (q24;q21) were excluded from the analysis. Data were contributed by 288 EBMT transplant centers. Karyotype analysis and assessment of FLT3-ITD status were performed at the time of initial AML diagnosis and were obtained from local labs at the treating medical center.
Working definitions for chromosomal aberrations
Chromosomal abnormalities at diagnosis were assessed according to contemporary standard nomenclature (ISCN 2009 , ISCN 2013 , Shaffe, Karger publishing). To define the degree of cytogenetic complexity, we followed the methodology used previously by Grimwade et al. [16] whereby balanced translocations, chromosomal monosomies, and chromosomal trisomies were defined as a single abnormality. The gain of 2 chromosomes, unbalanced translocations, and the gain of a derivative chromosome were counted as two abnormalities. A monosomal karyotype was defined as by the presence of at least two autosomal monosomies or of one monosomy plus one or more structural aberrations (not including loss of a chromosome) [11] . A complex karyotype was defined by the presence of more than or equal to 4 chromosomal aberrations [17] . We only included cytogenetic aberrancies present in at least 20 patients.
Statistical analysis
The primary endpoint used for variable selection in this study was leukemia-free survival (LFS) which was defined as survival from the time of transplantation without evidence of disease relapse or progression. Secondary endpoints were relapse incidence (RI), non-relapse mortality (NRM), overall survival (OS), acute graft-versus-host disease (aGVHD) and chronic graft-versus-host-disease (cGVHD), GVHD-free/relapse-free survival (GRFS). Relapse was defined as the presence of 5% BM blasts and/ or extramedullary disease. NRM was defined as death without evidence of relapse or progression. OS was defined as the time from allo-HSCT to death, regardless of the cause. GRFS was defined as events including grade 3-4 acute GVHD, extensive chronic GVHD, relapse, or death in the first post-HCT year. Cumulative incidence was used to estimate the endpoints of NRM, RI, acute and chronic to accommodate for competing risks. To study acute and chronic GVHD, we considered relapse and death to be competing events. Probabilities of OS, LFS, and GRFS were calculated using the Kaplan-Meier method. Univariate analyses were done using Gray's test for cumulative incidence functions and the log-rank test for LFS, OS, and GRFS.
Multivariate analyses were performed using Cox proportional hazards regression for LFS. Stepwise selection methodology (backward and forward) was used for the selection of cytogenetics abnormalities (p ≤ 0.05) adjusted for all other well-known prognostic variables including patient age at transplant, gender, secondary disease, donor type, stem cell source (bone marrow versus peripheral blood), donor/patient cytomegalovirus matching, conditioning intensity, time from diagnosis to HSCT, gender matching (female to male vs other), and in vivo T-cell depletion.
Subsequently, we calculated LFS according to each selected cytogenetic abnormality and their association, and we were able to identify four risk groups according to favorable and adverse cytogenetic abnormalities significantly associated with LFS. Finally, we investigated the impact of fms-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) in the intermediate cytogenetic risk group and a prognostic model integrating cytogenetic aberrancy and FLT3-ITD status was constructed thereby identifying 5 distinct prognostic groups shown in the final EBMT classification. The performance of this classification was compared to the MRC classification in terms of Harrell C index using a non-parametric method developed by Kang et al. [18] . All tests were two-sided with the type I error rate fixed at 0.05 for the determination of factors associated with time-to-event outcomes. Statistical analyses were performed using the SPSS 24.0 (SPSS Inc, Chicago, IL, USA) and R 3.4.1 (R Core Team (2017). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project. org/)) software packages.
Results
The spectrum of cytogenetic aberrancies seen in transplanted AML patients
Our final cohort consisted of 8558 adult patients with a median age of 52 years (range 18-77) who had received Association of specific cytogenetic aberrancies and post-transplant outcomes
Next, a multivariate analysis was performed to evaluate the impact of specific karyotypic abnormalities on the rate of LFS. As shown in Table 2 , a wide array of cytogenetic abnormalities were associated with adverse outcome with the notable exception of del(9q), trisomy 14, and loss of chromosome X, all of which were significantly associated with better LFS rates. The 2-year outcomes of patients with specific cytogenetic aberrancies are outlined in Supplementary Table 3 . We then evaluated whether increasing cytogenetic complexity impacted significantly on disease and transplant-related outcomes. The analysis outlined in Supplementary Table 4 , revealed that an increasing number of cytogenetic abnormalities was tightly correlated with inferior rates of relapse incidence, leukemia-free survival, and overall survival. Additionally, patients with monosomal or complex karyotypes also experienced significantly worse disease related outcomes. Of note, patients with inv(16) (p13q22)/t(16;16)(p13;q22), experienced favorable LFS irrespective of the number of concomitant chromosomal abnormalities.
Classification of cytogenetic risk groups in transplanted patients
The initial classification of patients into specific prognostic groups was initially carried out by allocating patients into four prognostic groups based on a hazard ratio of less or more than 1 after stepwise selection of the rate of LFS.
Patients were thus classified either as favorable risk or poor risk, respectively, while patients with a karyotype consisting of both complex cytogenetics and a monosomal karyotype were classified as very poor (Fig. 1) abnormalities, and patients with loss of chromosome X in the absence of a complex karyotype. Patients in the poor risk group were those with the following high risk features: inv(3)(q21q26)/t(3;3)(q21;q26), del(5q), monosomy 7, t(10;11)(p11-14;q13-23), t(6;11)(q27;q23), abnormality of 17p, trisomy 19, and the presence of either a monosomal or complex karyotype. Patients classified as favorable risk experienced 2 year RI and LFS rates of 17.8 and 72.2%, respectively, sharply contrasting with the very poor outcomes seen in patients with both complex cytogenetics and a monosomal karyotype where the 2 year RI and LFS rates were 66.5 and 18.9%, respectively. The outcome of patients according to the MRC classification and the EBMT classification are outlined in Supplementary Figure 1 
Incorporation of FLT3-ITD mutation status into the prognostic model
Since FLT3-ITD is a pivotal determinant of patient outcome in AML, an additional classification model including FLT3-ITD mutational status was evaluated for the subset of patients with available molecular data (n = 2473). In all, 51% of evaluable patients were FLT3-ITD mutated and as shown in Supplementary Table 2, patients with trisomy 4, t(6;9)(p23;q34), and t(8;21)(q22;q22) were with the highest rate of FLT3-ITD positivity. In this model, five distinct groups in terms of prognosis could be identified (Table 3 , Fig. 2) . Notably, we found that the presence of FLT3-ITD was significantly associated with outcome only in the intermediate cytogenetic risk group, thus in the expanded 5 group model, we were able to include also the patients from the favorable risk, high risk and very high-risk groups in the expanded classification, resulting in a total number of 5115 patients. The best outcome with regard to RI, LFS, and OS was seen for those patients with either favorable risk cytogenetic abnormalities (n = 489) or intermediate risk cytogenetics and not FLT3-ITD mutated (n = 1749) (2-year LFS rates of 72 and 66%, respectively). Patients mutated for FLT3-ITD with an intermediate-risk karyotype (n = 1476) had poorer outcomes compared to patients with intermediate risk cytogenetics and not harboring the FLT3-ITD mutation (2-year LFS rate of 57%). Finally, patients with poor-risk cytogenetics (n = 1116) experienced significantly worse outcomes (2 year LFS rate of 41%) whereas the least favorable outcomes were seen in the group of patients (n = 285) with the composite of a monosomal and complex karyotype (2 year LFS rate of 19%). 
Discussion
Notwithstanding the incorporation of novel innovative molecular risk stratification models into modern prognostication schemas of AML patients [8, 19, 20] , baseline cytogenetic studies still serve as an invaluable prognostic tool for prediction of outcome at key clinical time points during the therapeutic sequence of AML patients [7] . Indeed, cytogenetic abnormalities have been previously established as robust predictors of the risk of primary induction resistance [21] , risk of relapse [22, 23] , and outcome following transplant for primary refractory disease [24] . Yet, to what extent these chromosomal abnormalities impact on patients undergoing allo-HSCT has not been fully addressed hitherto. Herein, we outline the specific clinical outcomes experienced for the full range of the cytogenetic spectrum, and we establish a novel prognostic model incorporating specific cytogenetic aberrations with cytogenetic complexity and FLT3-ITD status. While in general, our results were consistent with what Grimwade et al. had previously published with the MRC analysis there were several notable differences. Unlike the MRC publication, our analysis indicates that t(3;5), t (11;19) , and t(9;22) were not significant in terms of LFS. There are several possible explanations to the different outcome experienced by these patient segments which first and foremost most likely result from the fact that our analysis consisted only of patients which underwent transplant whereas the MRC data analyzed all comers. Furthermore, patients with t(11;19) were more significantly represented in our cohort compared to the MRC analysis; 93 patients with t (11;19) in our registry compared to 30 in the MRC dataset. It is also worth noting that while t(11;19) is an established poor prognostic factor [25, 26] , data from the MD Anderson Cancer Center suggests that transplantation had a significant benefit for this patient segment resulting in superior overall non-relapse mortality, LFS leukemia-free survival, OS overall survival, GVHD graft-versus host disease, GRFS GVHD free/relapse-free survival Fig. 2 Leukemia-free survival of transplanted AML patients using the EBMT cytogenetic and molecular classification survival and relapse-free survival [27] . It is not completely clear to us why patients with t(9;22) and t(3;5), two uncommon cytogenetic presentations of AML [28] , did better in our analysis, however it may be possible that transplantation or the increased use of tyrosine kinase inhibitors improved the suboptimal prognosis of these patients. Additionally, we note that a smaller study of 7 patients with t(3;5) suggested these patients had intermediate prognosis [29] . Interestingly and diverging from the MRC data, our findings reveal that trisomy of chromosome 19 is associated with worse outcomes. Isolated trisomy 19 is a rare abnormality that has been reported previously with some cases evolving from antecedent myelodysplasia with no clear prognostic influence [30] . Conversely, in our analysis loss of chromosome X, chromosome 9q deletion and trisomy 14 were found to be correlated with significantly improved clinical outcome in our patient cohort. Deletion of the long arm of chromosome 9 can present as an isolated abnormality with no measurable impact prognosis [31] or in combination with other cytogenetic aberrations such as t (8;21) where according to data from the French CBF-AML intergroup it does negatively impact on overall survival and leukemia-free survival [32] . Loss of chromosome X is a frequent finding in patients with t(8;21) [33] but has not been found to impact on patient outcome in AML. Trisomy 14 was not seen in the MRC analysis and was diagnosed in 53 patients in our cohort, this rare chromosomal abnormality has been reported to occur mostly in elderly male AML patients with a significant component of dysplasia [34] . In accordance with previous literature, we found that outcomes for CBF patients diverged whereby patients with inv(16)(p13q22) experienced superior outcomes compared to patients with t(8;21) (q22;q22). Notably, similar observations were made previously by the Japan Society for Hematopoietic Cell Transplantation group [35] , The German-Austrian AML Study Group [6] , and more recently by Halaburda and colleagues from the EBMT in CBF patients undergoing transplant in CR2 [36] . Finally, whereas in the 2017 ELN classification t(6;9)(p23;q34.1) is considered an adverse prognostic cytogenetic lesion, our data, supported by the MRC analysis as well as by transplant data from Japan [37] , indicate that t(6;9)(p23;q34.1) is prognostically associated with intermediate-risk disease.
As molecular data was available only in a small patient subset of the MRC cohort (n = 215), an additional aim of our analysis was to incorporate FLT3-ITD into our working model to further stratify patient outcome in the intermediate cytogenetic risk group. Our final model which was performed on over 2400 AML patients with available FLT3-ITD data did delineate quite different outcomes for transplanted patients in terms of LFS and RI. Indeed, FLT3-ITD patients experienced a 2-year relapse rate of nearly 30% compared with 19% of patient with FLT3-WT. Thus, and not surprisingly, FLT3-ITD adds an additional important prognostic facet to cytogenetics in the prediction of clinical outcome of transplanted AML patients which is consistent with previous publications in the field [38] [39] [40] .
An extensive body of literature published over the past two decades firmly demonstrates that AML patients with either a monosomal karyotype or a complex karyotype experience significantly worse outcomes compared to patients absent of these cytogenetic features. Furthermore, Haferlach and colleagues suggest that the combination of a monosomal karyotype and complex cytogenetics confers even worse prognosis [41] . Our analysis reaffirms the poor prognosis seen in monosomal karyotype patients previously published by the Center for International Blood and Marrow Transplant Research (CIBMTR) [42] and others [12, [43] [44] [45] [46] . Our data clearly show that an increasing degree of cytogenetic complexity directly translates into an increased risk of relapse and significantly worse leukemia-free survival and overall survival. Indeed, patients with a single karyotypic abnormality had a 2-year relapse rate of 28% compared to the rate of 56% seen in patients with 5 or more chromosomal abnormalities. These findings are in line with the MRC experience as well as with those of the Study Alliance Leukemia who also found that patients with 4 or more cytogenetic abnormalities to have worse prognosis compared to those with only 3 cytogenetic abnormalities [17] . Notably, in an analysis of over 1500 patients enrolled on the ECOG-ACRIN trials, having a monosomal karyotype had no incremental impact on survival of patients harboring a complex karyotype of 5 or more chromosomal abnormalities, thus leading the authors of the study to suggest that the prognostic impact of a monosomal karyotype being limited to patients with less complex karyotypes [47] . Our data also concur with a CIBMTR analysis conducted in 821 adults transplanted AML patients showing that complex karyotype (≥ 4 abnormalities) was still an adverse prognostic factor following transplantation [48] .
There are several noteworthy limitations to our study. First, this being a large registry study did not allow for centralized review of cytogenetic studies which may have provided further information such as the distinction between KMT2A-MLLT1 (MLL-ENL) and KMT2A-ELL (MLL-ELL) fusion genes in t(11;19)(q23;q13). In addition, further aspects relating to cytogenetics were not captured by our registry such as clonal heterogeneity which has been shown previously to significantly impact on patient outcome [49] .
In conclusion, in this analysis, we define the cytogenetic horizon of AML patients who underwent allo-HSCT during the past decade and delineate the clinical outcome of patients according to baseline cytogenetics studies coupled with FLT-ITD mutational status. We believe the EBMT score can complement the ELN 2017 recommendations for those patients referred to transplant (based on ELN 2017) and further aid in prediction of post-transplant outcomes by providing clinicians a general sense of outcomes. Furthermore, the risk of relapse as predicted by the EBMT score, may possibly influence clinical decision-making regarding the intensity of post-transplant maintenance strategies. This study further underscores the notion that despite the paramount anti-leukemia effect exerted by allogeneic transplantation, baseline cytogenetic studies retain pivotal and lasting prognostic consequences on patient outcome. Ongoing and future trials with FLT3 inhibitors and other targeted agents following transplantation will hopefully mitigate some of the detrimental consequences associated with a baseline adverse risk karyotype and FLT3-ITD.
